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WIND-TUNNELINVW15BATIONANDANAJXSISOFTHEEFFECTSOF

ENDPIATESONTHEAERODYNAMICCHARACTERISTICSOF

AN TJNSWEl?J7WING

ByDonaldR. Riley

A wind-tunnelinvestigationhasbeenconductedto determinethe
effectsof endplatesofvariousareasandshapesontheaerodynamic
characteristicsof anunsweptanduntaperedwingofaspectratio4.

Theresultswereinagreementwiththoseofpreviousinvestigations
inthattheendplatesprovidedthebasicwingwithan ticreaseinthe
lift-curveslope,a reductionintheinduceddrag,andan increaseinthe
maximumliftcoefficient.Negligiblevariationswereobtainedtithe
pitchingmomentwhentheendplateswereadded.A reductionoftheexper-
imentaldata,inwhichtheend-plateeffectwaseqresaedintermsofan
effectiveaspectratio,wasinfairagreementwiththeclassicaltheory
forevaluatingtheend-plateeffectsonthelift-curveslopeandinduced
drag.

Expreflsionsforthelift-dragandmatiumlift-dragratios,devek”ped
hereinforthewing-end-plateconfiguration,gavepredictio~thatCODI.

paredfavorablywithexpertientalvalues.A theoreticalanalysisof
thesetwuexpressionsindicatesthattheuseof endplatesmayprovide
relativelykrge increasesinthelift-dragratioatthehigherlift
coefficientsfora limitedrangeofend-plateareasbtithatendplates
cannotbe expectedtoprovidesubstantialincreasesinthemaxtiumllft-
dragratioofthewing. Themostfavorableeffectof endplatesonthe
maximumlift-dragratioof a wingisobtainedwhenthewingaspectratio
is lowandtheratioofwingprofiledragcoefficient-toend-plateprofile
dragcoefficientishigh. Forsuchcases,however,theabsolutevalue
ofthemaximumW-drag ratiois,ofnecessity,ratherlow.

tithecaseofwing-bodycombinationsor completeairplanes,for
whichthetotaldragof componentsotherthanthewingmaybe large
relativetothewingdrag,substantialincreasesinmaximumlift-drag
ratioapparentlymaybe obtainedby theuseof appropriatelydesigned
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Q

endplates.TheincreaseobtainedwifiendpktesjexcePtPo~sihlYfor
smallendplates,is not WeW to be as ~wj h~every as t~t which
wouldbe obtainedby utilizingtheend-plateareaas a simpleaddition
to thewingtipsto increasethewingspanandhencethewinggeometric
aspectratio.Theuseof endplatesas a meansof@roving theMft-
dragratiosof airplanes,therefore,wo~d seemtobe ofPr_ ~Por-
tancewhenitisdesiredtokeepthewingspanas small.aspossible.

Theuseofendplates
-c characteristicsof
ences1 to5. Theresults
platesprovideanincrease

INTRODUCTION

asa possiblemeansofimprovingtheaero-
unsweptwingshasbeeninvestigatedinrefer-
oftheseinvestigationsindicatethattheend
inthelift-curveslope,a reductioninthe

induceddrag,andan increaseinthemaximumliftcoefficientofthe
basicwing. Heretofore,theoreticalandempiricalanslysesonend-plate
effectshavebeenconcernedmainlywithpredictingthelift-curvesloPe
andtheinduceddragand,as a result,haveyieldedrelativelyfewcon-
clusionsontheeffectof endplatesonthelift-dragandmaximumlift-
dragratios.Thefavorableeffectsofendplatesontheliftandinduced
draghavesuggestedthepossibilityofusingendplatesasa meansof
increasingthelift-dragandmaxbnumlift-dragratiosof thebasicwing.
Theeffectofendplateson sweptbackwingshasalsobeeninvestigated
andtheresultsarepresentedinreference6.

ThepresentinvestigationwasconductedintheLangleystabili~ .)
tunnelto determinetheeffectsof endplatesofvariousareasandshapes
ontheaerodynamiccharacteristicsofanunsweptanduntaperedwingof
aspectratio4. Theresultsservethepurposeof checkingthevalidity
of currentmethodsofpredictingtheend-plateeffectonthelift-curve
slopeandtheinduceddrag. Inaddition,expressionsaredevelopedherein
forthelift-dragandmsximumlift-dragratiosandthecalculatedresults
arecomparedwithvaluesobtainedfromtheexperimentaldata.A theoret-
icalanalysisofthelift-dragandmaximumlift-dragratiosispresented
inorderto indicatetheinfluenceofthevsriousfactorsaffecting
thesetwoaerodynamiccharacteristics.

SYMBOLS

Thedatapresentedhereinsreintheformof standsrdNACAcoeffi-
cientsofforcesandmomentswhicharereferredtothesystemofwind
axeswiththeorigincoincidingwiththeintersectionofthewing
quarter-chordlineandtheplaneof symmetry.Thecoefficientsand
synibolssredefinedasfollows:

.

“

-— — -——
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r
L

D

M

CL

CD

cm

L/D

(L/D)E

c~

lift,pounds

drag,pounds

pitchingmoment,foot-pounds

liftcoefficient(L/q~)
o
dragcoefficient(D/qS,whereS isreferenceareaequalto
wingareaunlessotherwisenoted)

pitching-momentcoefficient(M/q@~

lift-dragratio

maximumlift-dragratio

maximumliftcoefficient

cL(L/D)= liftcoefficientatwhichlift-dragratioisa maximum

CD% ~ profiledragcoefficient

CD end-plateprofiledragcoefficientbasedon end-platearea
‘ep

C150epend-plateprofiledragcoefficientbasedonwingarea

MD incrementalinterferencedragcoefficientdueto juncture
betweenwingandendplates

c%‘
parasitedragcoefficient(assumedtobe dragcoefficient
representinganycomponentpartsofan airplaneotherthan
wingandendplates,suchas a fuselage)

q free-streamdynamicpressure,poundspersquarefoot
()
1 ~22P

P massdensityof air,slugs’percubicfoot

v free-streamvelocity,feetpersecond

Sw wingarea,squarefeet

—-—- ..—.-. .--— — .- —. .—.—_. ..—
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c

b

sep

s&n

h

A

Ae

Ee

u

a

area

area

cho_rd,feet(constantacrossfingspan)

span,feet

of oneendplateminusprofileareaofwing,squarefeet

directlyaboveandbelowwingchordof oneendplate
minusprofileareaofwing,squarefeet o

maxhumheightof oneendplate,feet

wingaspectratio (/)b2 Sw

effectiveaspectratio

effectiveedge-velocitycorrectionfactor(reference13)

aspectratioandtaperratiocorrectionfactorforinduced
drag

angleofattackofwing,degrees

()*Llift-curveslopeoffinite-spanwing —
au

sectionliftcoefficient

acz
()sectionlift-curveslope—
&

slopeof curveof induced-dragcoefficientas a function
of CL2

slopeof curveofpitching-momentcoefficientas a function
of CL (static-longitudinal-stabilityp~-ter)

MODELANDAPPARATUS

A stainless-steelwingwastestedaloneandin combinationwith
15 endplatesofvariousareasandshapesinthe6- by 6-foottest
sectionoftheIangleystabilitytunnel.Thew~ wasunsweptand
untaperedandhada spanof 32 tithes,anaspectratioof4, andw
WA 641A412airfoilsection.

-— .—. —
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Theend.
A to O. The

.

.

.

plsbeshavebeendesignatedheretiby thecapitalletters
geometriccharacteristicsandprincipalMnensionsofthese

endplatesarepresentedinfigure1. EndplatesA toD wereconstructed
fromstainlesssteel1/4inchthick.EndplatesE toN wereconstructed

from~ -inchplywoodandendplatesO wereshapedfroma
k .3

-inchsheet

ofmahogany.Allthewoodenendplatesweresandedandshellackedto
givea smoothsurface.Theplan-formshapesof endplatesA, B, @dD
werederivedby utilizingthecalculatedpressurefieldaboutan
infinite-spanairfoilhavinganNACA~A412 airfoilsection.andoperating
at zeroangleof attack.Pointsof equalstaticpressurewereusedto
definethethreeshapes.Thecontourof endplateA represents’approx-
imatelya static-pressurevariationof20percentwithfree-streamstatic
pressure,endplateB representsa 10-percentvariation,andendplate
D representsa 5-percentvariation.Thepressurefieldwascomputedby
themethodusedinreference7. As designed,theareasofthethreeend
plateecovervariousamountsofthepressurefieldabouttheairfoil.

AlltheendplatesexceptI andO hadroundedleadingandtrailing
edges.EndplatesI hadroundedleadingedgesandsharptrailingedges
soasto simulateanairfoilshapeticrosssection.Theprofilesof
endplatesO representedhalfoftheNACA0006airfoilwiththeflat
surfacesin-d andtheconvexsurfacesontheoutside:DetaiMofthe
wingandend-plateprofilesalongwitha tableofordinatesforthe
wingarepresentedinfigure2. Fortheendplateswiththeirareas
allabovethewing,theloweredgeof eachplatewasmadeto coincide
withthelowersurfaceofthe.airfoilAndwasnotrounded.A similar
conditionexistedfortheendpldes withtheirareasallbelowthe
wing. Thetopandbottomedgesof alltherectanguhrplateswerenot”
rounded.A photographofoneof thewing-end-plateconfigurations
mountedinthetunneltestsectionis presentedasfigure3.

TESTSANDCORRECTIONS

Thetestswereconductedat a dynamicpressureof 64.3poundsper
squarefoot,whichcorresponds

P
a Machnumberof0.211anda Reyno~

numberofapproximately1 X 10 . ...

Themodelwastestedwithandwithoutthevariousendplates
attachedthroughanangle-of-at~ckrangefrom-6°tobeyondtheangle
ofmaxhumllft.Taretestswereconductedontheplainwingandthe
interferenceincrementsthusobtainedwereappliedto allthetestdata.
Inaddition,thetestdatawerecorrectedforjet-boundaryeffects.
No corrections,however,wereapplledforturbulenceorblocking.

_—...-. .. ———_.—— . ... . .—— — --- ———____
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SCOPE

Theresultsoftheinvestigationpresentedhereinareessentially
dividedintotwoparts- “TestRes@ts”and“GeneralizedAnalysis.”
Thepartentitled“TestResults”isconcernedwiththebasicdataand
thedeterminationofexperimentalvaluesforthevariousaerodynamic
characteristicsunderconsideration.Alsoincludedin thissectionare
theeffectsof several”end-platevariablesontheexperimentalvalues
obtained.Thepartentitled“GeneralizedAnalysis”is concernedmainly
withthemeansofcalculatingseveraloftheaerodynamiccharacteristics.
Comparisonsofthecalculatedandexperimentalresultsarepresented;
and,inaddition,a theoreticalanalysisof L/D and (L/D)H is
includedtoindicatetheeffectofvsryingthefactorsthatinfluence
thesetwocharacteristics.

—

TESTRESULTS

GeneralRemsrks

Fromthedataobtainedfromthewind-tunnel

vsluesfortheaerodynamiccharacteristics‘CL,

L/Dj(L/D)=, and cL(L/D)=
wereevsluated.It isdesirabletoknow

towhatextenteachof thesecharacteristicsisaffectedby theaddition
ofendplatestothewingandwhatvariationsintheendplatesthemselves
producechangesinthevaluesofthesecharacteristics.Someoftheend-
platevariationswhichmayinfluencetheaerodynamiccharacteristics
sre(1)end-plateprofile(crosssection),(2)end-plateplanform(shape),
(3)locationofend-plateareawithrespectto thewingchordline
(mtric~, al-labove,orallbelow),and(4)end-platearea.These
end-platevariationssrediscussedinthissectionofthepaperandapply
forthemostpartto endplateshavingtheirareadistributedoverthe
enttiewingchord.Theeffectsofusingpsrtialendplates(endplates
havingtheirareadistributedoveronlya portionofthewingchord)and
endplatesextendingbeyondthewingleadingandtrailingedgesare
discussedinthepartofthepaperentitled“GeneralizedAnalysis.”

.

BasicData

Thelift,drag,andpitching-momentcharacteristicsforthewing
aloneandin combinationwiththevariousendplatesarepresentedin
figures4 and5. Thedataexhibittheusual.characteristicsassociated .

—. —
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withendplates,suchas anincreasein c~a and C anda reduction

.

.

inthedragcoefficientat allliftcoefficientsabovea certainminhum.
Belowthisminimum,thedragcoefficientindicatesanincreaseoverthat
ofthe%asicwing. In thislow-lift-coefficientrange,however,the
additionaldragdueto theendplatesis@eaterthananyreductionin
theinduceddragthattheymayproduce.Theliftcoefficientatwhich
thebeneficialeffectsoftheendplatesfirstbeginto occurappears
tobe a functionofend-platemea. Theseliftcoefficientsforthe
variouswing-end-platecombinationstestedvaryovera rangefrom0.35
to0.64,thehigherliftcoefficientsbeingassociatedwiththelsrger
end-plateareas.

Alltheend-plateconfigurationstestedproducedan increasein
CL and C* ofthebasicwing. Theend-plateinfluenceonthese

twocharacteristicsisdiscussedinthefollowingsectionsofthepaper
andcanbe neglectedhere.

Thestaticlongitudinalstabilitycharacteristicsof.thevarious
wing-end-platecombinationsshowa slightvariationfromthestability
characteristicsof thewingalone.Theti~ withtheV=iOUSSyUlmetriCd
endplatesattachedshowsa slightincreasein stabilityoverthebasic
wing. Thewingin combinationwiththeendplateshavingtheirareaW
abovethewing,withtheexceptionofendplatesJ, exhibitslessstabil-
itythanthebasicwing.Althoughthepercentagechangesarelarge,the
absolutevalueforeachseparateconfigurationis smallanddoesnot
appeartobe important.

Figure6 presentstheexperimentalvaluesof L/D forthewing
aloneandin conibinationwiththevsriousendplatesasa function
of CL. A comparisonofthedataindicatesthat821theconfigurations
withendplatesproduceda muchlowervalueof (L/D)m thanthewing
alone.Theadditionofendplatesalsoincreasedtheliftcoefficient
atwhichthemaximumvalueof L/D occurredandproducedvaluesof L/D
atorneaxthemaximumovera widerlift-coefficientrange.

Experimentalvaluesforalltheaerodynamiccharacteristicsunder
considerationwe availablefromthefig’WesPreciouslydiscussedexcept

WDi
fortheslopeoftheinduced-dragcurve—. In ordertoobtainvalues

&L2

‘Di
for _, a reductionofthe&ragdatapresentedinfigure5 isrequired.

&L2

Theprocedurefollowedwasto subtractthewingprofiledragcoefficient
fromtheexperimentaldragcoefficientsofthewing-end-platiconfigura-
tionstested@ - ~o~ atv~iousv~ues ‘fCLO ‘he‘~ coefficients

.

—-—— ___ — .— —.
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remainingaftercompletingthisoperationwerethenplottedagainstCL2

(fig.7). Theslopesof theresultingcues represent%~

*L2 ●

Subtractingthewingprofiledragcoefficientwasnecessarysince
itvariedwithliftcoefficient.Airfoilsectiondatasrenotavailable
asyetfortheNACA6~A412section;however,thewingprofiledragcoeffi-
cientwasobtainedby calculatingtheinduceddragforanaspect-ratio-4
airfoilandsubtractingitfromtheexperimentaldataforthewingslone.

CL2,where uTheexpressionusedfortheinduceddragwas — isthe
mu

correctionfactorforaspectratioandtaperratioandcanbe obtained
fromreference8. A comparisonof thewingprofiledragcoefficient
calculatedinthismannerwiththesectiondragcharacteristicsof an
NACA641-4wairfoilsection(reference9) ata Reynoldsnuuiberof1 x 106
ispresentedinfigure8. Thefigure.indicatesthatthevaluesareIn
fairlygoodagreementexceptatthehigherliftcoefficients.Some
variationisapparentin thevaluesof ~% intheregionofthedrag

bucketandintherangeof liftcoefficientscoveredbythedragbucket.
Thesetwovariations,however,arebelievedtobe theresultof a small
smountofturbulencepresentintheairstreamoftheLangleystabili~
tunnel.Thetwoairfoilsectionsareidenticalexcept.thatthe
NACA6~-412hasa smalltrailing-edgecusp,whereastheNACA6~A412 .
hasthecuspremoved.

No attemptwastie inthepreviouscalculationstoremovethedrag .
oftheendplates.Theend-platedragwasbelievedtobe fairlyindepend-
entofliftcoefficientandhencewouldnotmateriallyaffecttheslopes
ofthecurvesinthelow-andmedium-lift-coefficientrange.Thelinear
variationobtainedfor CD - ~% belowa CL2 of0.35(seefig.7) for

allthewing-end-plateconfigurationsenabledthedetermination
of aq)

---i
%iFigure7 alsoindicatesthat — varieswiththeendplates

acL“ ~L2
testedandapparentlyis a functionofend-platemea (fore=mple,com-
parethewingwithendplatesF,G, andH).

Experimentalvsluesforthevariousaerodynadccharacteristics
ofeachofthewing-end-plateconfigurationstestedwereobtainedfrom
thefigurespreviouslydiscussedandsrelistedintableI.

— —.—.
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EffectofEnd-PlateProfile
.

Theeffectofend-plateprofileorcrosssectionon theaerodynamic
characteristicsofwing-end-plateconfigurationscanbeobtainedby
comparingtheexperimentalresyltsforthewingwithendplates
G andI attached.EndplatesG andI vsryonlyintheshapeofthe
end-platecrosssection.EndplatesG haveroundedleadingatitrailing
edgeswhereasendplatesI wereconstructedwithroundedleadingedges
andsharptrailingedgessoas to simulateana~foilcrosssection
(fig.2). Mostoftheinfluenceofend-plateprofilewouldbe expected
to occurinthe.drag.A comparisonofthedragcharacteristicsforthe
twoconfigurations(seefig.5) indicatesthatthewingwithendplates
I hasthereductionin thedragwithrespectto thewingaloneoccurring
at a lowerliftcoefficientthanthewingwithendplatesG. In addition,
thewingwithendplatesI hasa smallerincreaseinthedragcoefficient
withrespecttothewingaloneforthelow-lift-coefficientrange.If
onlyforthetiprovementinthedragcoefficient,thesimulatedairfoil-
shapedendplateshaveprovedtheirsuperiority.EndplatesI also
affectedL/D andprovideda slightlyhighervalueof (L/D)=x than

wasobtainedwithendplatesG.

wereslightlylowerforthewing

A sbilarindicationcanbe

a%~ Valuesof _ ad CL
*L2 (L/D)W

withendplatesI.

obtainedby compsringthedragpol=s
forthewingwithendplatesK andO (fig.5). Theendplatesvary
onlyslightlyin shapeandarea;however,an exactcomparisoncannotbe
madeas inthecaseofendplatesG andI becauseendplatesO extended
beyondthewingleadingandtrailingedgesandendplatesK didnot.
Nevertheless,thebeneficialeffectofusinganairfoilsectionforthe
end-plateprofileisapparent.

Theresultsofthesecompmisonsclearlyindicatethatusingair-
foilshapesasend-platecrosssectionsis highlydesirable.Thisfact
wasalsopointedoutinreference2.

EffectofEnd-PlateArea

Twoseriesofendplatesareavailableforindicatingtheeffectof
end-plateareaontheaerodynamiccharacteristicsofwing-end-plate
configurations.EndplatesF, G, andH,whichcompriseoneseries,
havethesamelocationofend-platearearelativetothewingchordline,

. thessmeplanform,andthesamecrosssection~od.ytheend-platearea
isvaried.Theseparticularendplatesseemtobe themostlogical
choiceforindicatingtheeffectsofend-platearea.Sincethechord.

_ _. .———— — . -..— ..— .—.————
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foreachoftheseparticularendplatesisequalto
increaseinareaisobtainedby actuallyincreasing
Increasingtheareainthismanner,asis indicated
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“

thewingchord,the
theend-plateheight. ●

subsequently,appears
tobe themostlogicalwayofincreasingtheend-plateeffect.The
others$ries,consistingofendplatesA, B, andD, hasessentiallythe
ssmeend-platecrosssection;however,thelocationoftheareawith
respectto thewingchordline,theplanform,andtheend-platearea
arealldependent?nthecalculatedstatic-pressurevariationchosen
fortheparticularendplate(seesectionentitled“ModelandApparatus”).

Bothseriesofendplatesareindicatedinfigure9,whichpresents
theexperimentalresultsoftheeffectofend-platiareaontheaero-

dynamiccharacteristicsCL , *D~, C~, (L/D)~~ - cL(L/D)W
a ~L2

f
as a functionof SepSw. Increasingtheend-plateareaprovidesan

increasein CLa, C%, %
m cL(L/D)= anda decreasein -

&L2

and

each

show

(L/D)H. Bothseriesofendplatesindicatethesametrendsfor

oftheaerodynamiccharacteristics;however,thecalculatedshapes
a%

morefavorablevaluesfor CLaj -, a~ (L/D)H thanthe
~L2

rectangularshapes.Onlya slightdecreaseis apparentin CL
(L/D)u

forthecticulatedshapesat thelargerend-plateareasandtheinfluence
on C% appearstobe negligible.In general,thecalculatedshapes

seemtoprovideslightlymorefavorableresults;however,theimprovement
obtaineddoesnotseemsufficienttowarranta departurefromthemore
simplegeometricshapes.

EffectofEnd-PlatePlanFormandLocationofEnd-Plate

AreaRelativetotheWingChordLine

Theeffectof end-plateplanformandlocationof
withrespecttothewingchordlineontheaerodynamic
ofwing-end-plateconfigurationscanbe seeninfigure
platespresentedinthisfigurehaveapproximatelythe
essentiallythesamecrosssection;thatis,roundedleadingandtrail-
ingedges.In addition,theend-plateareawasdistributedoverthe
entirewingchordbutwasnotpermittedto extendbey~ thewingleading
andtrailingedges.

end-platearea
characteristics
10. All theend
sameareaand

.

.

.

.

— . ——
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A comparisonofexperimentalresultsforthewingwithendplates
. G, J, andM attachedindicatesthattheeffectofthelocationofend-

platearearelativeto thewingchordlineis small;however,a very

~1, and C*slightadvantagein CL& canbe gainedby locating
&L2

theend-plateareasllaboveratherthanallbelowthewingchordline.
ThevariationamongtheaerodynamiccharacteristicsforendplatesG, J,
andM is smallenoughsothattheactualchoiceof thelocationof the
end-platesrearelativeto thewingchordlinecanbebasedon other
considerations,suchastheend-platebendingmomentabout,thepointof
attachment,ratherthanontheaerodynamiccharacteristicspresented
herein.

Theeffectofend-plateplanformcanbe illustratedbest,at least
fortheparticularendplatestested,by comPui%?the~romc
characte~isticsfortb-wing
Figure10 indicatesthatthe

arerelativelyunaffectedby

indicatedhere.Mostofthe

withe~ platesE, G,K, andL attached.—
valuesfor

%’ -CL’ ati ~(L/D)H
thedifferenceintheend-plateshapes

&!
variationappearsin ‘~,whichof course

*T2

affects(L/D)H. Theinfluenceoftheshapeonthe”induceddrag has

beensu~estedinreference2. A cmparisonofthevaluesof ~,
*L2

especiallythoseforendplatesK andL, suggeststhatconcentrating
theareanearthewingtrailingedgemsybemoreeffectiveinreducing
theinduceddragtti concentratingthesreaneartheleadingedge.

Fortheaerodynamiccharacteristicsobtained,theactualadvantage
ofusingoneendplateinsteadofanotheris slight.Theendplates
indicatedheredonothsveenoughvsrietyinplan-formshapetopermit
an actualevaluationoftheplan-formeffect;however,figure10 is
sufficientto indicatethattheeffectofeti-plateplanformon these
aerodynamiccharacteristicsis secondary,aswouldbe expected,andthat
thedominatingfactorisby fartheend-platearea.

#

—. .—— ———— _.———— .- — -———-—–—--
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GENERALIZEDAFUXLYSIS

BasicConsiderations

.

.

Mostofthepreviousinvestigationsoftheeffectsofendplates
attachedtothetipsofunsweptwingshavebeenconcernedmainlywith
theincreaseinlift-curveslopeandthereductionintheinduceddrag.
Theusualapproachto theproblemks beento efiressthesetwoeffects
by theconceptofaneffectiveaspectratio.Theclassicaltheory
(reference3)utilizesthemethodof confo?maltransformationapplied
totheinduceddragof thewingwithendplatesandhasresultedIna
solutionwhichindicateethattheendplatesmaybe consideredto cause
an increaseintheaspectratioofthebasictingto anextentdetermined
by theratiooftheend-plateheighttowingspan.A theoreticalsolution
presentedinreference4 is similarto theclassicaltheory;however,
an approximatemethodisemployedintheuseoftheconformaltransforma-
tionandthesolutionisobtainedas a functionof severalparameters,
suchastheratiooftheend-plateheighttowingspan,theratioofthe
end-plateheightabovethewingchordto theheightbelowthechord,
andtheratiooftheheightabovethechordto thewingsemispan.

As a resultofthenatureofbothsolutions,the
end-plateareaalongthewingchordis neglected.An
wouldundoubtedlyshowthattheareadistributionhad
comparisonofthetwosolutionsindicatesthatalmost
tionsoftheeffectiveaspectratiowillresultfora
ratioofend-plateheighttowingspan.It shouldbe
thesolutionofreference4 isbasedonthecondition

distributionof
exactsolution
someeffect.A
identicalpredic-
givenvalueofthe
pointedoutthat
ofminimuminduced

drag,anda theoreticalstudyoftailassemblies(reference10)indicates
thatforcertainconfigurationsthisassumptionmayleadto excessively
highvaluesoftheratio&/A. Fortheparticularcaseofwingswith
endplates,wheretheend-plateheightis smallrelativetothewingspan,
theassumptionappearstoincurlittleornoerror.

Themoregeneralattemptsforthesolutionoftheend-plateeffects,
suchasreference5, arebasedontheempiricalresultthatonlytheend-
platesxeaisof tiportance.Thesesolutionsattemptto correlatethe

d
ratio &/A withsuchparametersas Se Sw and &/b. Forconven-
iencetheseparametersmaybe consideredastheratioofaneffective
end-plateheighttowingspan.Forexample,@p maybe consideredas
theheightofa squarehavingan areaof Sep. An effectiveend-plate
heightobtainedby dividingtheend-plateareadirectlyaboveandbelow
thewingchordby thewingchordhasalsobeenconsidered.

.
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Severaloftheseparameterswereusedasa basisforcorrelationof
thedatapresentedherein.Vsluesofthedifferentparametersforeach
oftheendplatestestedarepresentedintableII. Theparameterchosen
asthemostrepresentativefora widerangeofend-plateplanforms

rlwas S&pb,where S:pisdefinedastheprojectedareaofoneendplate

directlyaboveandbelowthewingchordminustheprofileareaofthe
wing. Limitingthemea tothatlocateddirectlyaboveandbelowthe
wingchordwasnecessaryinorderto obtaina reasonablepredictionfor
thewingwithendplatesN attached.Subtractingtheprofileareaof
thewingpermitstheratioAe/A to havethevalue1.0forthewing
aloneor,inotherwords,when
thewingprofileareawerenot
tobecomeequalto 1.0at some
thanzeroanddependentonthe

the end-plateparameterequalszero. If
subtracted,the’ratioAe/Awouldhave
valueoftheend-plateparsmetergreater
profileareaofthewing.

EffectiveAspectRatio

Determinationby lift-curveslope.-Theend-plateeffecton c%
isueuallyexpressedas an increaseintheaspectratioofthebasic
wing,theamountoftheincreasedependingon somegeometriccharacteris-
ticoftheendplates.Hence,toobtaina reasonablepredictionof cLa
fora finite-spanunsweptwingwithendplatesreqtiresa wingtheory
thatwillpredictfairlyaccuratevaluesof c& overa widerangeof
wingaspectratios.Probablythemostfamiliarwingtheoryisthelifting-
linetheorywhichexpressesthelift-curveslopeinthefollowingmanner:.

claCL .
a 57.3c~

1+ u
XA

Theresultspredictedby thistheo~,however,havebeenknowntobe
inaccurateforlow-aspect-ratioWings.RobertT. Jones(reference11)
developeda theoreticalcorrectionwhichhe appliedtothelifting-line
expression.Thiscorrection,commonlyreferredtoastheJonesedge-
veloci~correction,givesonlyabouttwo-thirdsof thetotaltheoret-
icalcorrectionrewired. SwansonandCrandall(reference12)have
obtainedaneffectiveedge-velocity’correctionbymodifyingtheJones
edge-velocitycorrectionwithlifting-surfaceresultsobtainedfrom
anelectromagnetic-analogmethodonellipticalplanforms.Themodified

..— .—= —— .—.—— ..—.—.——— —— ——. -- —
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equationcanbe expressedasfollows:

Cz
CL = a
a 57.3C1

Ee + a
JcA’

whereEe istheeffectiveedge-velocitycorrectionandcanbe obtained
fromreference13. Althoughthecorrectionsweredevelopedforelliptic
wings,theresultsforplanformsotherthanellipticalhavebeenfound
tobe fairlyaccurateovertheaspsct-ratiorange.

.Figure11presentstheresultsfor
C&

determinedby themodified

equationasa functionofaspectratiofora sectionlift-curveslope
of0.108. Thisparticularvaluefor Cza,determinedfromthemodified

equationby usingtheexperimentalC forthewingaloneandthewing
La

aspectratio,isalmostidenticaltothe c2a foranNACA6~-4M

airfoilsectiongiveninreference9. Valuesoftheeffectiveaspect
ratioforthevariouswing-end-plateconfigurationsweredeterminedby
usingtheexperimentallift-curveslopesandfigure11. Theresultsare
presentedinratioform &/A infigure12 as a functionof severalend-
plateparameters. .

The Ae/A values,expressedas a functionof h/b,indicatefairly
goodagreementwiththeclassicaltheoryoverthecompleteh/b range.
Howeverjitwofidseemtkt inpretictiuAe/A fora ti%-end-ylate
configurationwheretheendplatesareofunusualplanform,a more
representativeparametersuchas somefunctionoftheend-platearea
shouldbeused. Severalareaparametersweretriedas indicatedin
figure12. Correlatingthe &/A valueswith SeP/~ andcomparing
theresultswiththeclassicaltheoryinwhichtheratio Sep~w is
interpretedasaneffectivevalueof h/b indica~sthata verypoor
agreementefistsforthesmallerend-platesreasandforendplatesN.

S;pp
Whentheparsmeter._. isused,a muchbetteragreementis obtained

b
forendplatesN; however,fortheparticularendplatestested?this
psrameterprovideda changeinthevaluesof endplatesD,l?,andO o~o
Forthesmallerend-platesreas,theuseof~@ appearstogive
somewhatbetteragreementwiththeclassical.ttiorythantheprevious

.

.

—. -—. —
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areaparameters;however,endplateN nowappearsratherpoor. The

fo?.’mqyb ‘:PPand&#.appearsto conibinetheadvantagesofboth _.
b

Fortheparameters~~ a~d~d thepredictiondevelopedfrom
reference5,whichisapplicableonlyfora wingofaspectratio4,is
notingoodagreementwiththedataad indicat~smuchlowervalues
of &~A thanwereobtained.Theexperimentalvaluesof &/A make
theclassicaltheoryappeartounderestimatetheend-plateeffect;how-
ever,thisunderestimationneednotbe true. It shouldbe pintedout
thatthevaluesobtainedfor ~, andhencetheratiosof &/A, are
criticallydependentonthevslueof C~ forthewingalone.Increas-

ing c& from0.065,whichwasusedherein,to0.067wildshiftthe

‘mermntd ‘dues as‘inctiomofm# ‘omw=d ‘nti’‘k “assicd
theorywouldappeartobe anaveragecbe. Foreachwing-end-plate
combinationthe &/A valueisalsocriticallydependenton thelift-
curveslopeoftheconfigurationtested.Thisdependencecanbe seen
infigure11,whichindicatesthatlargevaluesof Ae/A canresult
foronlya smallincreasein C

La
fortheparticularwingaspectratio

underinvestiation.Somescatteroftheexperimentalvaluesfora given
valueofFj& b is appsrentjhowever,thescatteris”probablytheresult
ofneglectingthedistributionofend-plateareaalongthewingchord
andthelocationofthearearelativetothewingchordline.

Determina.tionbyinduceddrag.-Sincemosttheoreticalsolutions
on end-plateeffectsarebasedona considerationof thereductioninthe
induceddragofthewing,usingtheconceptof aneffectiveaspectratio,
thevaluesfor Ae ofthevsriouswing-end-plateconfigurationswere
obtainedfromtheslopesofthedragcurves

(
CD - CD

)
againstCL2

%
a%~Which’s e

presentedinfigure7. Theslopesrepresent ssentially
q

l/x&, and ~ canthen.eitherbe calculatedor obtainedfromfigure11.
Thecorrectionfactorforaspectratioandtaperratiohasbeenneglected/
inthisdeterminationsincetheeffectofthisfactoronthevarious
vsluesof Ae is small.In thedeterminationof & forothercon-
figurationsofwingsandendplates,thisfactorshouldbe considered.

Valuesof Ae obtainedinthismannerandexpressedasthe
ratio&/A arepresentedinfigure13 asfunctionsofthesane

.

— ———- —— -—
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end-plateparametersaswereusedforthecorrelationof
fromtheexperimentallift-curveslopes.Foreachofthe

NACATN 2440

&/A determined
end-plate ,

parameters,theexperimentalvaluesof Ae/A determinedfrom !?.!%.

J-l

showa muchbetteragreementwiththeclassicaltheorythanthecor-
respo~ingAe/A valu~sobtainedfromtheexperimentalvaluesoofCL .

a
Essentiallythesamereasonap@ieshereforwantingtoexpresstheend-
platepsrsmeteras somefunctionofend-platesreaasappliedforthe
lift-curveslope;however,theappsrentadvantageofvaryingthepsrsmeter
ismuchlessthanforthelift-curveslopeanalysis.Nevertheless,since
thesametheoryisusedtopredicttheend-plateeffects
istics,thesaneparametermustbe usedforboth. It is
noneoftheareaparametersprovideas goodanagreement

(,

&experimentaldata determinedfromboth C
La

j

and.2
&L2

onbothc&rracter-
apparentthat
betweenthe

andthetheory

asdoestheparameterh/b. JHowever,theparameter/S& b willbe
used’intheremainingsectionsofthepapersinceit is%elievedtobe
moreapplicableto a widerrangeofend-plateplanformsthanweretested.
Theempiricalsolutiondevelop?dfromreference5,whichisapplicable
onlyforanaspect-ratio-4wing,isinverypooragreementwiththedata
determinedfromboththelift-curveslopesandtheinduceddragand
indicatesmuchlowervaluesfor &/A thanwereobtained.

F&Theparsmeter; usedto correlatethetheoreticalAe/A
valueswiththeexperimentalresultsdeterminedfromboth CLa and

MD“
~ essentiallymeansthattheend-platesreaextendingbeyondthewing
L

leadingandtrailingedgesisrelativelyineffectiveinproducingan
increaseintheeffectiveaspectratio.It shouldbenotedthatpartial
endplates,thatis,endplateshavingtheirareasdistributedoveronly
partofthewingchord,havenotbeenconsideredinthisinvestigation.
Theresultsofreference2,however,indicatethatpartialendplates
shouldbe lesseffectivethanendplateshavingtheirareasdistributed
overthecompletewingchord.Thebasisof comparisoninthisreference
wasthedragpolar,buttheinfluencewillslsobe noticedon L/D
ad (L/D)m.

.
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DevelopmentofEquations

Usingtheconceptofan effectiveaspectratiotopredicttheinduced
dragofthewingwhenendplatesareattachedmakespossiblethedevelop-
mentofexpressionsfortheend-plateeffectson L/D~(L~)mmj
ad cL(L/D)m” Theexpressionsasdevel@edapplynotonlyto a wing-

end-plateconfigurationbutalsotowing-bodycombinationsor complete
airplaneswithendplatesattached.Thetotaldragcoefficientof such
configurationscanbe expressedas follows:

%=%%+g

s
+ 2CD ep‘+~D+

oep~ %
(1)

where ~~, CL2/tie~~) and ~ arebasedonwingareaand ~ Oep
isbasedonend-platearea.Theeffectof a fuselageor othercomponent
partsof a completeairplaneotherthanthewingandendplatesis con-
tainedintheterm C%. Fora wing-end-plateconfiguration,therefore,

CDP wouldbe zero. I; shouldbe pointedoutthat
effectarisingfroma’considerationof theloading
platesby thepresenceofthewingisneglected.

Thelift-dragratiocanthenbe writtenas

T c.

w possiblethrust
imposedontheend

-u .b-=
D CL2 ‘ep

%%+~+2cDoep~+ND “DP

(2)

In ordertoextendthisexpressionto obtain(L/D)W, thelift
coefficientatwhichthevaluefor L/D becomesa madmumlmustfirst
be determined.Thisliftcoefficientcanbe obtainedby settingthe
firstderivativeof D/L withrespectto CL equaltozero.This

procedureyields

C2

$=;%+ZD %‘epSw
+~+CD

e P

—.— —— -— —— —. —. —. _ —-.— .-
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solvingfir CL,whichisnow CL(L/D)m~gives

cL(L/D)H/(= YfAeCDOW-1-2~oep ~ + %+%
)
P

NOW,(L/D)M canbe expressedas

()L cL(L/D)W %
Em= rCT 72 = 2cL(L/D)U

or

I

(3)

(4)

(5)

Calculationsoftheaforementionedcharacteristicsshould%emade
by useofthemostaccuratevaluesofthevarioustermsavailable.The
V~iatiOnof CDOw with CL shouldbe usedin calculatingL/D if

accurateresultsathigherliftcoefficientsaretobe obtained.How-
ever,usingthe~~~ CD% isbelievedtobe of sufficientaccuracy

toyieldreasonablevaluesfor
?

O@)max and CL(L/D)m* Thep~asite-

dragterm ~ mayVSXYwidelyfordifferentconfigurationsand,asa
result,valueswouldprobablyhavetobe obtainedfromexperimentaldata
if accuratevaluesof L/D and (L/D)W aredesired.Thecorrection

factorforaspectratioandtaperratiohasbeenneglectedintheprevious
expressionssincelessthana l-percenterrorwillresultforaspect
ratiosbetweenO and6 andtaperratiosbetween0.3and1.0.

End-PlateDrag

In ordertomakeanestimateof L/D,(L/D)W, or cL(L/D)m
for

thewing-end-plateconfiguration,reasonablevaluesforthevarious
dragtermsappearingintheexpressionsmustbe determined.Thewing
profiledragcoefficientCDOW canusuallybe obtainedfromknownsection

ctiacteristics}however,evd.uati~CDoep and MD ismoredifficdt

.

— — -— ——— ——— .
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anda reductionofthe,experimentaldatawasresorted
obtainaveragevalues.Theresultsof thisreduction

19

to inorderto
me presentedin

figures14 and15. Whentheend-plateprofiledragcoeffi~ientisbased
on end-platearea,cDoeP wouldapparentlydependonlyon theend-plate

profileandwouldprobablybe highfortQeendplateswiththeblunt
trailingedges.Sincetheend-plateangleofattackismerelytheangle
inducedby theloadingimposedontheendplatesowingtothepresenceof
thewing,anyvariationof @oep withliftcoefficientcanbe neglected.

ForthisanalysisACD wasalso-assumedtobe independentof ~ and,
inaddition,shouldbe almostindependentof end-plateprofileandend-
platearea,atleastabovea certainminimumfortheend-platesrea.

Theactualreductionoftheexperimental’datawasperformedinthe
followingmanner.Thedragcoefficientof theplainwingwassubtracted
fromthedragcoefficientsofthewingwiththevsriousendplates
attachedfortheconditionofzerolift(fig.5). Thisparticular
conditionwaschosensothattheinduced-dragtermwouldbe zero. The
resultshouldbe C~ + A%, where ~ isbasedonwingarea.Oep ‘ep ,
Figure14presentsthisincrementasafunctionof Sep/sw=Thedata
appeartohavesomescatter;however,thevariationwouldbe expected
tobelinearforallvaluesof Sep/Swabovea certainminimum.With
theassumedvariation,a valueof0.002for Sep/~ equaltozerostill
remainsandthisincrementrepresents~, where~ isbasedonthe
wingsreaandwouldbe constantforallwing-end-plateconfigurations
havi~ sep/swabovesomeminimumvalue.

Subtractingthisvalue(0.002)fromtheexperimentalresults
for C~oep+% andbasingtheend-plateprofiledragcoefficient

obtainedonend-platearea
()
CD yieldstheresultspresentedin
oep

figure15. Thescatterof thedataiswithintherangeexpectedforthis
typeofanalysis.Ofparticularinterestin figure15 arethelowvalues
forendplatesN andO,whichmaypossiblyindicatethattheinterference
dragincrementACD mightbe reducedby allowingtheendplateto extend
somewhatbeyondtheleadingandtrailingedgeso?thewing. A more
completeanalysiswouldverylikelyindicatethatthevalueof ~
dependsalsoonthelocationoftheend-platearearelativeto thewing
chordline(allabove,sllbelow,or symmetrical)and,fora givenwing
area,on thewingaspectratio.However,verificationoftheseeffects

. wouldrequireadditionalend-platetests.

As previouslystated,ND isbelievedtobe fairlyindependentof
“ end-platearea,”at leastabovea certainminimumvalue.B;1owthis

—— -- .———. _...—..— - —
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minhurnvalueitobviouslymustbe a functionoftheend-platearea
or someotherparameterinwhtchtheend-plateareaisexpressed,such .

K/6Pb. Take,forexample,thedragexpressionforthewing-end-
~~ateconfiguration(includedinequation(l)).As theend-platearea
approachesthevaluezero,the.dragofthewing-eni-platecombination

! mustapproachthedragofthewingalone.Therefore,& mustapproachA
s

ad ‘Oep ~~ mustapproachzero;hence,~ mustlikewiseapproach

zero.Meansforevaluatingthisvariationarenotavailable;therefore,
thevariation

wasassumed.

chosenatthe

approximately

of ND indicatedinfigure16 asa functionof T/S&pb

Theupperlimitofthevariationof ACD with &fb ‘as

valueof
T/
S&pb of0.15sothata valueof LCD of

0.002wouldapplytoendplatesB andF.

Comparisonof CalculatedandExperhentalResults

A comparisonofthecalculatedandexperimentalresultsforthe
wingaloneandin combinationwiththevariousendplatesispresented
intableI andinfigures17 and18. Calculationswereperfomedfor C&>

(L/D)_, ?!$L,
am cL(L/D)m

andarecomparedwithexperhental.

L
.

valuesinfigure17. Figure18presentsthecalculatedandexperimental
valuesof L/D asa functionof CL forthewingin combination
withendplatesE andF. No attemptwasmadeto calculateC-

forthev~iousconfigurationstested;however,it isapparent’fromthe
experhental,valuesof C~ asafunctionof~p/b (fig.17)that

someincreaseinthevalueof C forthebasicwingisavailable

throughtheuseof endplates.Forendplateshavingvalues
of
F4

; b of0.30andabove,therateofincreasein C~ appears

to approachzero.

Thecalculated %%curvesfor CL and — rl
as functionsof SAPb

aCL2

wereobtainedby utilizingtheclassicaltheoryexpressingA~A as .

a functionof@p/b togetherwithfigureU.. Theseparticularcurves
thereforeapplyonlyforaspect-ratio-4wings.In addition,thecal- .
cdatedcurvefor CL isvalidonlyfora valueof C7 of0.108.AIL

a a

— .— —. ——. —
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thecalculatedvaluesforthelift-curveslopearewithina@proktely
6 percentoftheexperimentalvalues.Figure17 furnishesa much
moredirectcomparisonoftheend-plateeffectson C~ thandoes
figure12,wheretheeffectiveaspectratioisexpressedasa function
of&/b asdetem.inedfromtheexperimentallift-curveslopes.Lsxge
variationscanapparentlyexistintheevaluationof A~A without
producingmuchofa variationin CLa” It shouldbe noted(fig.11)that

evena lugervariationin A~A canbe toleratedforaspectratios I

greaterthank;however,foraspectratioslessthan4,theopposite
istrue.

Thevariationbetweenthe
‘Difor ~ (fig.17)indicates
L

calculatedami

thattheerror

dynsmiccharacteristicisapproximatelytwice

experimentalvalues

inpredictingthisaero-

aslargeasforthelift-
curveslope.Thisdifferenceisexpected,however,sincethedragis
inverselyproportional.to ~. Thevariationsobtainedbetweenthe

M
calculatedandexperimentalvaluesof

CL(Z
and A areconsideredto

*L2

be withintherangeof accuracyexpectedforthistypeofanalysis.

Thevaluesofthevariousdragtermsusedinthecalculation
Of (L/D)u havebeengivenpreviously;however,thecalculatedcurve

appliesonlytothewing-end-plateconfigurationsinwhichtheend-plate
areaislocateddirectlyaboveandbelowthewingchord.Limitingthe
areainthismannermakesitpossibletoutilizetherelationship

Now,Ody

and ND
shipdoes

s ()r 2
S:P

—=A—
:b”

47’a valuefor S:p
s

isrequiredtoevaluate~, ep,
cDOep~

whichappearinequation(5). Theconditionwherethisrelation-
notholdcorresmndstoendplateshavingtheirareaextending

beyondtheleadingandtrailingedges,forwhichanynumberofvalues
of sep/sw cancorrespondtoa given’valueofflpib. Theparticular
calculatedcurveindicatedappliesforI-1oftheendplatestested,
excludingonlyendplatesD, I,N, andO. EndplatesI, althoughthe
areaislocateddirectlyaboveandbelowthewingchord,mustbe excluded

.— — — _—. —-----____ —.. . —. .
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sincetheprofiledragcoefficientfortheseparticularendplatesis
considerablylessthanO.O15(seefig.15). A comparisonofthecsJ.-
culatedcurveandexperimentalvalues(fig.17)indicatesa f~r
mount ofscatter;however,thevalueof (L/D)- formostofthewing-

.

v

end-platecombinationscanbe predictedwithin10percentoftheexperi-
mentalvalues.Someincreaseintheaccuracycouldbe expectedifmore
representativevaluesfor ~ and ACD forthevariousendplates

‘ep
wereused;however,methodsofpredictingA= limittheaccuracysothat
consistentpredictionscannotbe madewithinanaccuracygreaterthan
5 percent.Thevalueof ~~ usedinthecalculationswas0.005,which

forthisparticularsectionis constantoverthelow-andmedium-lift-
coefficientrange.In calculating(L/D)m forotherwing-end-plate
configurations,itis suggestedthattheminimumprofiledragbe used
for CD% since (L/D)u isexpectedto occurata relativelylow
liftcoefficient.If a moreaccuratevalueisdesired,calculating

cL(L/D)B
andobtaining~% fromsectiondataforthecorresponding

liftcoefficientshouldbeof sufficientaccuracyformostengineering
calculations.

Thecalculatedcurveof CL
(L/D)M <Jasa functionof S: b

(fig. 17) indicatesthatthescatteroftheexperfintalvalueswith
respecttothecurveis small;hence,theaccuracyofthevsriousterms

,,

evaluatedhereinis sufficienttoprovidea fairlygoodesixbnate
for CL(L/D)-* Thecalculatedcurveindicatedis similartothe .

(L/D)- curveinthatitappliesonlytoendplateshavingtheirareas
directlyaboveandbelowthewingchord;hence,thelimitationsindicated
forthecalculated(L/D)u curveapplyhereaswell.Valuesof

cL(L/D)m
intheneighborhoodof0.6canbeobtainedforthelarger

end-plateareas;hence,thevaluefor CD
%

wouldnecessarilyhaveto

correspondtothisliftcoefficientifreasonablevsluesof L/D and
(L/D)m me tobe obttined.

Calculationswerealsoperformedfor L/D inordertoobtainthe
variationof L/D with CL. Thecalculationswerelimitedto only
twooftheconfigurationstested,thewingin combinationwithendplates
E andF. TIEresult~arepresentedinfigure18. Thevariationsof L/D “
with ~ fortheotherwing-end-plateconfigurationssreexpectedtobe
simil~. Thecalculatedvaluesforthewingwithend@atesE arein good

$
— ——— —— -– ———
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agreementwiththeexperimentalvaluesup toa ;L of0.5. Abovethis. , CL thecalculatedvaluesareslightlylowerthantheexperimentalpoints.
CalculatedvaluesforthewingwithendplatesF showgoodagreementat
thelowerandhigherliftcoefficients,butthepredictedvaluesare
slightlyhigherthantheexperimentalpints intheregionof (L/D)H.

Analysisof L/D and (L/D)M Expressions

Theresultsof ananalysisofthe (L/D)- expression,developed
herein,arepresentedinfigures19 to21 forthewing-end-platecon-
figuration(CDn= O)* Thisanalysisservesthepurposeofindicating

whetherani~cr;ase& the (L/D)H ofanunsweptwingis attainable
by theadditionofendplatesand,if so,whatcombinationsof CD ,

CDoep~F/
S~pb, andA willproducesuchan increase.Thecalculati&

wereperformedin sucha mannerthateachofthefigures19to21 essen-

tiallyindicatestheinfluenceof KhS&p andoneof thetermsCD

%Oep, orA on (L/D)
c%’

A seriesof curves,Max” expressi~twotermsas

variablesandtwoasconstants,istherebypresentedineachfigure.
Valuesof0.0050and4 wereusedfor CD% andA, respectively,when

eachofthesetermswasheldconstant.T&e valuescorrespondtothe
minimumprofiledragcoefficientandtheaspectratioofthewingtested.
A valueof0.0025wasusedfor cDoeP sincefigure19 indicatesthat

.

.

thecurveforthisvalue
valueof (L/D)W over
highervaluesof cDoep*

producesa smallerdeviationfromthewing-alone
the ~’ rangethan.anyofthecurvesfor
Thisparticularvaluefor cDoeP probably

representsaboutthelowestvaluethatcouldbe obtainedandwould
correspondtothinairfoil-shapedendplates.Valuesfor & were
determinedfrmntheclassicaltheoryand ~ wasassumedtovaryas
indicatedinfigure22. Thisvariationof &D /with ~p b is slightly
moreconservativeovertherangeof @p/b fromO to0.30thanthe
variationusedincalculatingthevaluesforthevariouswing-end-plate
configurationstested.Hence,thecalculationscanbe consideredto
correspondtoanefficientwing-end-platecombinationwithrespectto
@ag andshouldindicatesubstantialincreasesin (L/D)H if

suchincreasesareobtainable.

Fortheparticularvalueschosen,fi$ures19 to21 indicatethat
nosubstantialincreaseswereobtainablein (L/D)U forthewing.
Smallincreasesareapparentfortheaspect-ratio-4wingwithvery
efficientendplates

(
cDoep )

= 0.0025atthehighervaluesof CD
%
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(fig.20),andeven&rger increaseswillapparentlyoccurforanaspect- .
ratio-2wingwithefficientendplatesatthehighervaluesof ~%.

However,forsuchcases,theabsolutevalueof (L/D)u will,of

riecessi~,be low.

Calculatedvaluesof L/D forthewing-end-plateconfigurationas
a functionof @/b forvariousliftcoefficientsarepresentedin
figure23. Thevsluesofthevariousdragtermsusedinthecalculations
arethessmeasthoseusedfordetermining(L/D)B, excepttht the
v~iationof CD with CL (fig.8)wasusedinsteadoftheminimum-

%
profile-dragvalue.Theresultsindicatethatsubstantialincreasesin
thevalueof L/D canbeobtainedatthehigherliftcoefficientsfor
a limitedrangeof~p~ butthatno increasesinthevalueof (L/D)M
areobtainable.

Theanalysisthusfarhasbeenconcernedonlywiththewing-end-plate
configuration.Theeffecton (L/D)u ofaddingendplatestowing-
bodyconibinationsor completeairplanes,forwhichthetotaldragof
componentsotherthanthewingandendplatesmaybe largerelativeto
thewingdrag,isindicatedinfigure24. Valuesof CD

%’ ~oep’
and ~ arethessmeasthoseusedintheanalysisofthewi&-end-
plateconfiguration.Alsoincludedinfigure24is theeffecton (L/D)w
of addingtheend-plateareatothewingtips,thusincreasingthewing
spanandhencethegeometricaspectratioof thewing.Valuesofthe
geometricaspectratiothusobtainedsreindicatedonthecurvefor .

%
= 0.030andapplyfortheremainingcurvesatthesamevalueof

6/6Pb.

Theresultsindicatetkt mibstantialpercentageincreasesin (L/D)W
maybe obtainedbytheuseofendplates;however,theincreasesobtained
withendplateshavinga valueof @# of0.2orhigherarenotlikely
tole aslsrgeasthosewhichwouldbe obtainedbyutilizingtheend-plate
areaasa stipleadditionto thewingspan.Theuseofendplatesasa
meansof tiprovingthe~ lift-dragratiosofting-bmiycombinations
or completeairplaneswouldseemtobe ofprimaryinterestwhenit is
desiredto keepthewingspanas smsllaspossible.Ofparticularinterest
infigure24 istherangeof @p/b fromO to0.2wherethecurvesfor
theendplatesattachedshowslightlyhighervaluesof (L/D)M than

thecurvesfortheend-platearea
uncertaintyofthevaluesof ~

<Irangeof S&pb, theincreasemay
sufficient,however,tonotethat
thevalueswi~ probablybe small

addedto thewingtips. Owingtothe
usedinthecalculationsforthis
ormaynotactuallyexist.It iS
eveniftheincreasesarepresent
andhencecanbe considerednegligible.

——
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Theanalysespresentedinfigures19to21,
ra~e of @p/b fromO to1.0. Theresultsof
thatthetheoryusedhereinto wedict AP/A at

25

$3, and24 arefora
reference10 suggest
thehighervaluesof-,

~/b leadstoanoverpredictionof& andhencesomewhathigher
value’sof L/D and(L/D)- thanwouldbe attainable.

CONCLUSIONS

Theresultsofthewind-tunnelinvestigationandan
effectsofendplatesontheaerodynamiccharacteristics
wingindicatedthefollowingconclusions:

analysisofthe
of anunswept

.

1. Theadditionof endplatesto anunsweptwingmayprovide
relativelylsrgeincreasesinthelift-dragratioatthehigherlift
coefficientsfora limitedrangeofend-platesreas,butendplates
cannotbe expectedtoproducestistantialincreaBesinthemxdmnnnlift-
dragratio.Themostfavorableeffectofendplatesonthemaximumlift-
dragratioisobtainedwhenthewingaspectratioislowandtheratioof
thewingeprofiledragcoefficientto end-plateprofiledragcoefficient
is high.Forsuchcases,however,theabsolutevalueofthemaximum
lift-dragratiowill,of necessity,be low.

2. Substantialincreasesmaybe obtainedinthemaximumlift-drag
ratioofwing-bodycombinationsor completeairplanes,forwhichthe
totaldragofthecomponentsotherthanthewingislargerelativeto
thewingdrag,by theuseof appropriatelydesignedendplates.Except
possiblyforthesmallerend-platesreas,however,theincreasesobtained
srenotlikelytobe aslargeasthosewhichwouldbe obtainedby utiliz-
ingtheend-plateareaasa simpleadditionto thewingspan,thus

... increasingthewinggeometiicaspectratio.

3* Theliftcoefficientatwhichthelift-dragratiobecamea
maxhumincreasedwithan increaseinend-platearea.Addingendplates
tothewingalsotendedto increasethelift-coefficient-rangeatwhich
thelift-dragratioremainedator nearthemaxi.mumvalue.

4. Thermdmumliftcoefficientof thewingexperiencedan increase
whentheendplateswereadded.Therateof increase,however,decreased
withincreasingend-platearea.

5. Thelift-curveslopeforthewing-end-platecombinationsinves-
tigated,aswellastheslopeof thecurveof induced-dragcoefficient
as a functionoftheliftcoefficientsquared,couldbe calculatedwithin
reasonableaccuracyby usingtheclassicaltheoryforevaluatingtheend-
plateeffects.

_— ..—. .— .. . . ———-.-— —-
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6. me useofairfoils~pes asend-platecrosssectionsis
desirable.

7. Theinfluenceoftheadditionofendplatesofvsrioussizes
andshapesonthestaticlongitudinalstabili@ofanunsweptwingwas
foundtobe negligible.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Va.,May2, 1951
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